Electropolymerization and characterization of poly(3,4-ethylene dioxythiophene) (PEDOT) doped with functionalized single-walled carbon nanotubes (SWANTs) polyaminobenzene sulfonic acid (PABS) and different dopants were studied. It was fabricated by a simple oxidative electropolymerization method. The nanocomposite coatings have been prepared by using electrochemical methods from aqueous solutions, such that the components were deposited onto platinum electrode substrate. The morphology of composite films was analyzed by scanning electron microscopy (SEM). The electrochemical and physical properties of the resulting composites were evaluated by cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and Fourier transform infrared spectroscopy (FT-IR) techniques in 0.1 M LiClO4 aqueous solutions. The value of specific electrochemical capacitance of the composite films is considerably higher than that of the pure polymers films. The improved properties of the electrodes were obtained by using these composite films. The dopant substances used were sodium dodecyl sulfate (SDS) and 1,2-Dihydroxy-benzene-3,5-disulfonic acid disodium salt hydrate (tiron).
Introduction
Conducting polymers are also intriguing molecular structures because of their ability to dramatically change properties when stimulated by an electric signal. These materials offer exciting prospects for a wide range of
Experimental
The electrochemical synthesis and measurements were carried out by using a single-compartment cell with the conventional three electrode set up at room temperature. The cell was connected to a VoltaLab potentiostat coupled to a PC running Voltamaster software. A saturated calomel electrode (SCE) was employed as the reference electrode and a platinum gauze as an auxiliary electrode. The working electrode was a platinum disk with a surface area 0.5 cm 2 . All chemicals were reagent grade and used as received without further purification. In this paper were used 3,4-ethylenedioxy thiophene (EDOT) (99.5% Aldrich), LiClO 4 (Merck), sodium dodecyl sulfate (SDS) (98% Fluka), tiron (Fluka) and single-walled carbon nanotubes functionalized with polyaminobenzene sulfonic acid (FSWCNTs) were the commercial product from Sigma-Aldrich with the following character-istics: 80% -90% carbon basis, D × L 2 -10 nm × 0.5 -2 μm, bundle dimensions. All the solutions were prepared with double distilled water.
Preparation of Modified Electrode
Before each electrochemical measurement the surface of the working electrode was mechanically polished with 0.3 and 0.05 μm alumina powders and rinsed in double distilled water and ethanol. The prepared electrodes were dried and used for modification.
Nanocomposite films of CPs/FSWCNTs have been prepared by electrochemical polymerization from a solution containing the functionalized carbon nanotubes (FSWCNTs) and the corresponding monomer (PEDOT). FSWCNTs were used in this paper namely: single wall carbon nanotubes (SWCNTs) functionalized with polyaminobenzene sulfonic acid (see Scheme 1).
In first stage consisted of preparing the FSWCNTs aqueous suspension (10 mg/L) by using sonication (1 hour). Furthermore, the synthesis solution was obtained by dissolving the monomer and the corresponding supporting electrolyte in the FSWCNTs aqueous suspension. The behavior of the negatively charged FSWCNTs in solution was that of the only supporting electrolyte and dopant for the PEDOT depositions. Therefore, during the electropolymerization process, the FSWCNTs are encased in polymers in the form of counter ions or dopants.
Thus, PEDOT/SWCNTs composite films were obtained from an aqueous solution containing 0.025 mol/L of 2,3-dioxythiophene + 0.1 M of LiClO 4 + 10 mg/L of FSWCNTs by cyclic voltammetry in the potential scanning range of 0 mV to +1250 mV at a scan rate of 10 mV/s and for a cycles number of 20.
Characterization of the Modified Electrodes
The electrochemical properties of the composite films were evaluated by cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), Fourier transform infrared spectroscopy (FT-IR) and scanning electron microscopy (SEM). The electrochemical characterization of the PEDOT/FSWCNTs was carried out in 0.1 M LiClO 4 cycling aqueous solutions for comparison and because the dopant anion of the polymeric films is the same with the anion of the cycling solution. Twenty consecutive potential scans were performed for modified electrodes and they were cycled in the potential range of 0 mV to +1250 mV with a scan rate of 50 mV/s. The impedance measurements were carried using a VoltaLab 40 potentiostat/galvanostat in the frequency range of 100 kHz to 1 mHz with an AC wave of 5 mV (peak-to-peak) overlaid on a DC bias potential and the impedance data were obtained at a rate of 10 points per decade change in frequency.
Results and Discussions
In the first stage, the PEDOT/Pt coating has been also electrodeposited onto electrode surface (platinum) by electrochemical polymerization from an aqueous solutions containing 0.025 mol/L 2,3-dioxythiophene and 0.1 M LiClO 4 as supporting electrolyte (see Figure 1 inset). The obtained the PEDOT/Pt film was presented in previous work.
Composite films of poly(3,4-ethylenedioxythiophene) and functionalized, single-walled carbon nanotubes with polyaminobenzene sulfonic acid (PEDOT-SWCNTs/PABS) were fabricated by a simple oxidative electropolymerization method. These films were electrodeposited on a platinum working electrode using a classical system with three electrodes.
The PEDOT/SWCNTs-polyaminobenzene sulfonic acid film was obtained on the platinum substrate in a synthesis solution of 0.025 mol/L 2,3-dioxythiophene + 10 mg/L carbon nanotubes polyaminobenzene sulfonic acid. The obtained cyclovoltammograms are given in Figure 1 and have the same shapes with those obtained for PEDOT/Pt modified electrode cycled in the same conditions, but in this case the anodic peaks are much higher than those for PEDOT film. The current is increasing upon continuous cycling, being indicative for a conductive film formation. This fact can be explained taking into account that, FSWCNTs (in our case SWCNTs-PABS) are negatively charged and they can act as doped anions and consequently, the conductivity of PEDOT/FSWCNTs composite film increases. The PEDOT/SWCNTs-PABS composites presents higher currents (7.62 mA/cm 2 ) than PEDOT films (4.96 mA/cm 2 ), which translates into larger capacitance. Also, the PEDOT/FSWCNTs having more a poros structure for ion transportand a higher and potential-independent electronic conductivity through the adsorbed SWCNTs film, can explain the difference in current between PEDOT and PEDOT/FSWCNTs. The presented facts indicate a faster kinetics in the composite, which can be attributed to the higher electronic conductivity of the FSWCNTs network. Therefore the redox processes that take place in nanocomposite film are more complex and more intense than the ones in the pure PEDOT film.
The PEDOT/ SWCNTs-PABS/dopant films were obtained on the platinum substrate in a synthesis solution of 0.025 mol/L 2,3-dioxythiophene + 10 mg/L SWCNTs-PABS + 0.01 mol/L dopant substance in 0.1 M LiClO 4 by cyclic voltammetry in the scanning potential range of 0 to +1250 mV at a scan rate of 10 mV/s and for 10 cycles. The dopant substances used were SDS (Sodium dodecyl sulfate) and tiron (1,2-Dihydroxybenzene-3,5-disul-fonic acid disodium salt hydrate).
In the presence of dopant (SDS and tiron, see Figure 2 and Figure 3 ), it is observed that the current response of doped PEDOT films increases with addition of the dopant. Moreover, the current increases with continuous cycling in the potential range as seen in Figure 2 and Figure 3 . The comparison of repetitive cyclic voltammograms of PEDOT and PEDOT/SWCNTs-PABS/dopant composite film, respectively, clearly showed differences. furthermore, the current intensities are lower in case of pure PEDOT than with respect to nanocomposite/dopant and they decrease upon continuous cycling as it can be seen from voltammograms in Figure 2 and Figure 3 . During the first potential scan, the polymerization potential of PEDOT/SWCNTs-PABS/dopant on Pt is around 1.05 V, while the onset of polymerization shifts significantly on following scans to more positive potentials and stabilizes at 1.15 V. The choice of the electrochemical synthesis method has an influence on the morphology, appearance and adhesion of the polymer. Generally, all PEDOT composite films obtained by alternating polarization were uniform, smooth and adherent to the surface of Pt electrode than the ones obtained at constant current or potential.
The electrochemical behaviour of the PEDOT, PEDOT/SWCNTs-PABS films deposited electrochemically from aqueous solution in the absence and presence of dopant (SDS and tiron) was characterized further using cyclic voltammetry. The electrochemical characteristics of obtained PEDOT/Pt film was study in the cycling solutions, an aqueous solution of 0.1 M LiClO 4 (see Figure 4 inset) and it was presented in previous work. Figure 4 . These films can be cycled repeatedly between the conducting (oxidized) and insulating (neutral) state without significant decomposition of the material, which is consistent with the results reported in the literature [35] . For the cyclic voltammograms to exhibit better capacitive features (e.g. a rectangular shape), the potential ranges should be chosen to avoid the polymer becoming undoped and thus insulating, at very negative potentials and overoxidized at too positive potentials. As can be seen, the curves of these composite films have nearly rectangular shape, which is typical of the pure capacitive behaviour of the tested object [36] - [40] .
The electrochemical characteristics of obtained PEDOT/CNT-PABS/dopant films were study in the same working conditions (see Figure 5 and Figure 6) . However, the current of film obtained by potentiodynamic method in presence of dopant is nearly 2 times more than of the film gained in absence of dopant. Analyzing in 
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comparison the obtained results it can be observed that, in all the cases the PEDOT/CNT-polyaminobenzene sulfonic acid/dopant composite film reveals current much higher than PEDOT film. The comparison of repetitive cyclic voltammograms between the behaviour of the presented types of electrode shows some differences. By comparing the cyclic voltammograms for PEDOT/PT, PEDOT/CNTs-PABS/ Pt and PEDOT/CNTs-PABS/dopant/Pt films it can be seen that the shape of voltammograms is similar, but the composites presents higher currents than the pure polymeric ones, which can be translated into larger capacitance of the composites. The explanation of this is that the PEDOT chains becoming neutral and the negative charge of immobile functionalized FCNTSF being balanced by the cations with small size from the supporting electrolyte solution, these large CNT anions are immobile and hence expert a permanent electrostatic repulsion to the electron on the polymer chain. The shape of the cyclic voltammograms curve in all the cases is close to rectangular (see Figures 4-6) . The best electrochemical behavior is presented by PEDOT/CNTs-PABS/dopant/Pt.
The surface morphology, formation mechanism and electrochemical nature of PEDOT-FSWCNTs films were investigated using scanning electron microscopy (SEM), cyclic voltammetry (CV) and alternating current (AC) impedance spectroscopy (EIS). Cyclic voltammetry and electrochemical impedance spectroscopy revealed that the PEDOT-SWCNTs/PABS electrode had higher electrocatalytic activity for the redox reaction and a smaller charge transfer resistance than the PEDOT electrodes. at high frequencies and a capacitive slope at low and middle frequencies (see Figure 7 and Figure 8 ). The semicircle appeared at high frequencies is considered to owe to the charge transfer resistance, which originates from the interface structure between the porous electrode surface and the electrolyte [36] - [39] . At low frequencies, the impedance plot becomes a near vertical line. The Nyquist plots for PEDOT, PEDOT/SWCNTs-PABS and PEDOT/ = SWCNTs-PABS/dopant composite films are featured by a vertical trend at low frequencies, indicating a capacitive behaviour according to the equivalent circuit theory [37] - [40] . Bode diagrams point out also the capacitive behaviour in concordance with Nyquist plots (see in comparison Figures 7(a)-(d) and Figures 8(a)-(d) ).
The capacitances of the electrode materials were calculated, according to the equation:
(f = frequency; Z im = imaginary impedance), from the slope of the linear correlation between the imaginary impedance and the reciprocal of the frequency at low frequencies.
From these Figures 7-9 and Table 1 , one can observe higher capacitance the one order of magnitude value for PEDOT/FSWCNTs and dopant film in respect with PEDOT pure polymeric films. The embedded FSWCNTs that provide interconnected pathways for electrons through the FSWCNTs and ions through the pore network or the direct interaction between the delocalised electrons on polymer chains and the FSWCNTs contribute to the higher capacitance of the composite films. We can conclude that the capacitance of PEDOT/ FSWCNTs is larger than that of the pure polymeric PEDOT films because the mesoporous structure of FSWCNTs makes the dopping ions center into/eject from PEDOT/FSWCNTs composite films more easily. The combined resistance of the electrolyte and the film including electronic as well as ionic contributions is indicated by the real impedance at low frequencies where the capacitive behaviour predominates. The values of the real impedance at 0.01 Hz are given also in Table 1 . It can be seen that the PEDOT/FSWCNTs films were significantly lower in resistance than PEDOT films. In comparison with the PEDOT film, it can be observed that PEDOT/FSWCNTs offered much higher overall conductivity. As mentioned before, the real impedance of an electrode material, in general, decreases as the material's porosity increases due to improved ionic accessibility [40] - [49] . Figure 10 shows the SEM images of the PEDOT and composite film. In Figure 10 (a) a nodular accumulating structure is evidenced. The size of the nodules ranged a few hundred nanometers in diameter and they aggregate to form gobbets. In Figure 10(b) , the effect of dopant on the morphology of PEDOT film can be observed: lamellar structure with almost vertical orientation to the substrate. It is evident that dopant changes the morphology of PEDOT film into a more porous structure with higher interface area. This is in agreement with the SEM results presented below that illustrated a smaller porosity in the PEDOT film than in the case of the composite film (see Figure 10(c) ). The SEM images showed that the nanocomposite films, PEDOT/CNT-PABS were more porous than PEDOT films (see Figure 10(c) ).
Fourier transform infrared (FT-IR see Figure 11 ) spectra were carried with a Bruker optics spectrometer at room temperature. All spectra in this paper were obtained at a resolution 4 cm −1 in the region 4000 -500 cm −1 . FT-IR spectrometer is a powerful instrument that can be used to determine type of bonding for to obtain a new composite. The characteristic bands in the FT-IR spectrum for PEDOT and nanocomposite are the following: a very weak and a medium band at 3000 -4000 cm −1 is assigned to the C-H and OH stretching modes; vibration at 1551, 1482, 1353 and 931 cm −1 for PEDOT + nanocompozit and 1521, 1416, 1201 and 904 cm −1 for PEDOT are attributed to the stretching modes of C=C, C-C, and C-S in the thiophene ring [50] - [53] . The bands at 1212 and 1056 cm −1 are assigned to the stretching modes of the ethylenedioxy (alkylenedioxy) group and the band around 1039 and 916 cm −1 is due to the ethylenedioxy ring deformation mode. The spectrum shows several bands of which the band at 834 cm −1 for nanocompozit and 813 cm −1 for PEDOT is assigned to the symmetric C-S-C deformation. The band at 1054 cm −1 (nanocompozit) and 1418 cm −1 (PEDOT) is assigned to the symmetric C-O-C ether bond. A difference that can be observed is the intensity ratio of bands the spectrum (1500 -600 cm −1 ) of nanocompozit film than PEDOT band, exhibits a clear difference in intensity [54] - [57] . This may suggest that the dopant promotes and stabilizes the structure of the film (nanocomposite).
Conclusions
Nanocomposite films type PEDOT/FSWCNTs-polyaminobenzene sulfonic acid with different dopants was synthesized by cyclic voltammetry technique from a synthesis solution.
The electrochemical activity of PEDOT/FSWCNTs/dopant/Pt modified electrode in 0.1 M LiClO 4 cycling solution is much higher than that of PEDOT/Pt modified electrode in the same cycling solution. Electrochemically synthesiszed composite film of conducting polymer PEDOT and FSWCNTs have in common a porous structure at micro-and nano-meter scales.
Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and FT-IR spectroscopy demonstrated that these composite films had similar electrochemical response rates to pure polymeric films but a lower resistance and much improved mechanical integrity. The best electrochemical behavior is presented by PEDOT/CNTs-PABS/dopant/Pt. Nearly rectangular shaped cyclic voltammograms are obtained for all composite films suggesting that the charge and the discharge reversibly occur at the electrode/electrolyte interface.
The Nyquist plots for both PEDOT and composite films PEDOT/FSWCNTs are featured by a vertical trend at low frequencies, indicating a capacitive behaviour according to the equivalent circuit theory.
The PEDOT/FSWCNTs-polyaminobenzene sulfonic acid composite films have high specific capacitance, very quick charging/discharging ability and very low charge transfer resistance.
The SEM micrograph of the composite shows a porous morphology that wrapped on the surface of FSWCNTs. The PEDOT/FSWCNTs composite was a very promising electrode material for application in supercapacitor. 
